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Abstract 



To compare the differential effects of cry2A operon or]2 (29-kDa protein gene) and CryllA operon or/3 (20-kDa protein 
gene) on Cry2A synthesis and inclusion formation, we expressed the cry2A gene along with either the 29-kDa gene, 20-kDa 
gene, or both genes. Constructs containing 20-kDa, in the presence or absence of 29-kDa, produced more Cry2A than 
constructs which lacked this gene. Cry2A synthesis was also higher when the 29-kDa gene was included with 20-kDa in the 
construct. However, even in the presence of increased Cry2A synthesis facilitated by the 20-kDa gene, typical Cry2A crystals 
did not form if the 29-kDa gene was not included in the construct. These results suggest that the 29-kDa and 20-kDa proteins 
have different functions, with the 20-kDa protein acting like a molecular chaperone to enhance net Cry2A synthesis, and the 
29-kDa protein likely serving as a template for the stabilization of Cry2A molecules and their organization into the rectangular 
inclusion characteristic of wild-type Cry2A crystals. © 1998 Federation of European Microbiological Societies. Published by 
Elsevier Science B.V. All rights reserved. 



1. Introduction 

One of the most interesting yet incompletely 
understood aspects of Bacillus thuringiensis is the 
genetic basis for the production of large crystals of 
Cry proteins. Typical 135-kDa Cry proteins such as 
Cry 1 Ac and CrylC form bipyramidal crystals about 
2 |im in length by 1 urn in width, making them as 
large or larger than the spores of most isolates [1]. It 
is thought that these large crystals result from sepa- 
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rate genetic elements that promote, respectively, pro- 
tein synthesis and crystallization. Evidence suggests 
that high levels of protein synthesis result from mul- 
tiple and strong cry gene promoters, and very stable 
mRNAs [2-4], whereas crystallization is thought to 
be facilitated by the C- terminal half of Cryl mole- 
cules and high levels of Cryl synthesis during spor- 
ulation [5]. 

Smaller 65-kDa Cry proteins such as Cry2A, 
Cry3A, and CryllA, lack the large C-terminus 
found in Cryl proteins, but also form crystals in 
sporulating cells, though these are only a third to a 
fifth the size of Cryl type crystals [1,6-8]. While 
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there is evidence that promoter type, strength, and 
number as well as mRNA stability affect the levels at 
which these proteins accumulate in sporulating cells 
(2-4), other evidence suggests that helper proteins 
contribute to Cry2A and CryllA net synthesis and 
crystallization. For example, cryllA occurs in an 
operon that encodes two other proteins, respectively, 
of 19 kDa and 20 kDa [9]. The 20-kDa protein, 
which occurs as the third open reading frame 
(ORF), enhances the synthesis of CryllA [10], as 
well as other proteins [11,12], and facilitates the for- 
mation of larger CryllA crystals [10], The cry2A 
operon encodes a 29-kDa protein as the second 
ORF [6], and there is some evidence that it facilitates 
Cry2A crystallization [13], 

Understanding the genetic basis for the high levels 
of Cry protein production and crystallization could 
provide insights into the biology of B. thuringiensis 
and contribute to the more effective use of Cry pro- 
teins in insect control. Toward this end, we studied 
the effects of the cryllA operon-encoded 20-kDa 
protein on the synthesis and crystallization of 
Cry2A in the presence and absence of the cry2A 
operon ORF2 protein. Here we show that including 
the 20-kDa gene in cry2A constructs enhances net 
synthesis of Cry2A, but that typical Cry2A crystals 
only form when the cry2A 29-kDa gene is present in 
the constructs. 



2. Materia] and methods 

2. 1. Plasmids and bacterial strains 

The cry2Aal operon, consisting of or/7, orf2 and 
orf3 (cry2Aal gene, referred to herein as cry 2 A), was 
originally obtained from a 4.0-kb 7?amHI-77/wlIII 
fragment in plasmid pCL-92 [14]. The 20-kDa gene 
under control of the crylA(c) promoters was cloned 
from pWF53 [10]. The various constructs of cry2A 
with and without the cry2A or/2 and the 20-kDa 
protein gene were made in the Escherichia coli-Bacil- 
lus thuringiensis shuttle vector pHT3101 [15] and am- 
plified in E. coli strain DH5cc. Recombinant con- 
structs were expressed in B. thuringiensis strain 
4Q7, an acrystalliferous strain of B. thuringiensis 
subsp. israelensis {Bacillus Stock Center, Ohio State 
University, Columbus, OH, USA). 



2.2. Construction of expression vectors 

To express the intact cry2A operon in B. thurin- 
giensis using pHT3101, the operon was first cut from 
the plasmid pCL-92 using flanking EcoRl and Hin- 
dlll sites, cloned into the same sites in the polylinker 
of the phagemid Bluescript SK(±) (Stratagene, San 
Diego, CA, USA) for amplification and to add flank- 
ing restriction sites, and then cloned into the Xbal 
and Safil sites of pHT3101. A similar strategy was 
used to generate a pHT3101-derived plasmid con- 
taining the cry2A operon minus or/2. The or/2 gene 
was deleted from the cry2A operon by digesting 
pCL-92 with Accl, thereby deleting two consecutive 
Acc\ fragments bearing or/2 and a portion of the 3' 
end of or/7. Previous studies have shown that the 
product of or/7 is not essential for Cry2A synthesis 
or crystallization [13]. Self-ligation of the resulting 
plasmid generated pPC2-l, from which the cry2A 
operon minus or/2 was cut and cloned consecutively, 
as above, into pBluescript and then pHT3101. These 
constructions generated, respectively, the pHT3101 
derivative plasmids pDBF42 (cry2A operon minus 

pDBF69: 
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Fig. 1. Constructs of the cry2A operon used to determine the ef- 
fects of the cryllA operon-encoded 20-kDa protein and Cry2A 
29-kDa (or/2) protein on the production, crystallization, and for- 
mation of Cry2A inclusions. 
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orJ2) and pDBF69 (cry2A operon) as shown in Fig. 
1. 

To determine the effect of the 20-kDa protein on 
the synthesis and crystallization of Cry2A in B. thu- 
ringiensis, a 1.3-kb Sall-HindlU fragment containing 
the 20-kDa gene under control of the crylAc pro- 
moters was cloned from pWF53 into pDBF42 and 
pDBF69 using the same sites. This generated, respec- 
tively, the pHT3 101 -derivative plasmids pDBF76 
(cry2A operon minus orf2 plus 20-kDa) and 
pDBF821 (cry2A operon plus 20-kDa) as shown in 
Fig. 1. 

2.3. Bacterial transformation 

Recombinant plasmids were transformed and am- 
plified in E. coli strain DH5oc according to standard 
procedures [16]. Plasmid DNA was purified using the 
Nucleobond AX system (The Nest Group, Inc., 
Southboro, MA, USA), and transformed into the 
B. thuringiensis strain 4Q7 by electroporation as de- 
scribed previously [17], Transformants were grown 
and selected at 30°C on glucose-Tris (G-Tris) or Nu- 
trient Agar containing erythromycin at 25 (ig ml" 1 . 

2.4. Protein analysis and quantification 

The amount of Cry2A produced with each con- 
struct was quantified by sodium dodecyl sulfate-pol- 
yacrylamide gel electrophoresis (SDS-PAGE). Trans- 
formed B. thuringiensis 4Q7 strains were grown 
separately in 1 ml PWYE medium (5% peptone, 
0.1% yeast extract, 0.5% NaCl, pH 7.5) overnight 
at 30°C, and then diluted 1:100 with 100 ml G-Tris 
medium containing 25 ^g ml -1 erythromycin. Cul- 
tures were then grown at 37°C with shaking for 3-4 
days, by which time more than 95% of the cells had 
sporulated and lysed. Spores, Cry2A crystals and cell 
debris were sedimented by centrifugation. The pellet 
was suspended in 50 jil Laemmli sample buffer and 
boiled for 5 min until completely dissolved. Protein 
content was determined by subjecting 50-|il samples 
to SDS-PAGE as described by Laemmli [18], The gel 
was stained with 0.125% Coomassie Blue R-250, de- 
stained, dried, and the protein bands were scanned 
using a GAS 4000 Gel Documentation System (Ever- 
gene, Taiwan). The amount of protein in each band 
was quantified using ImageQuant 4.1 densitometry 
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software (Molecular Dynamics, Sunnyvale, CA, 
USA). At least three different cultures were assayed 
for each of the constructs tested. Protein yields were 
analyzed statistically to determine mean levels of 
production and standard error about the mean. 

2.5. Vltrastructural observations 

Samples for electron microscopy were transferred 
to a 1.5-ml microfuge tube, pelleted by centrifuga- 
tion, and fixed in 3% glutaraldehyde/0.25% sucrose 
for 2 h. Pellets were then post-fixed in Os0 4 , dehy- 
drated, and embedded in Epon-Araldite as described 
previously [17]. Ultrathin sections were cut on a Sor- 
vall model MT5 microtome, stained with uranyl ace- 
tate and lead citrate, and examined and photo- 
graphed with a Hitachi 600 electron microscope. 



std 1 2 3 4 




DBF42 D8F69 DBF76 DBF82 



Constructs 

Fig. 2. Analysis of Cry2A yields produced by constructs of the 
cry2A operon with and with the 29-kDa (cry2A or/2) and 20-kDa 
(cry 11 A orJ3) protein genes. Std, molecular mass marker pro- 
teins; Lane 1: cry2A operon minus 29-kDa; lane 2: cry2A oper- 
on minus 29-kDa plus the 20-kDa; lane 3: cry2A operon; lane 
4; cry2A operon plus 20-kDa protein gene. 
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3. Results 

3.1. Effects of the 20-kDa and 29-kDa proteins on 
Cry2A yield 

The yield of Cry2A obtained when the 20-kDa 
protein gene was included in the construct 
(pDBF76) was higher than when it was absent 
(pDBF42), and higher than that obtained with the 
cry2A operon (pDBF69) as illustrated in Fig. 2. Sim- 
ilarly, the presence of the cry2A 29-kDa protein gene 
in the constructs enhanced the yield of Cry2A (Fig. 
2). More specifically, the cry2A operon (pDBF69) 
produced more Cry2A protein than the construct 
from which the 29-kDa gene (or/2) had been deleted 
(pDBF42). And the construct containing the cry2A 
operon and the 20-kDa (pDBF82) produced more 
Cry2A than the corresponding construct, pDBF42, 
which lacked the cry2A orf2 gene (Fig. 2). Neverthe- 
less, the highest yields were obtained when the con- 
struct contained both the cry2A operon and the 20- 
kDa protein gene (pDBF82). This construct pro- 
duced approximately 1.25-fold the amount of 



Cry2A produced by the cry2A operon, and 1.5-fold 
the amount produced by the cry2A operon lacking 
orfi (Fig. 2). 

3.2. Effects of cry2A 29-kDa and the 20-kDa proteins 
on Cry2A inclusion formation 

In fully sporulated cells observed under phase mi- 
croscopy, Cry2A inclusions were seen in all con- 
structs which included the 29-kDa gene (or/2). No 
Cry2A inclusions, however, were observed in cells 
transformed with constructs which lacked this gene. 

To determine whether Cry2A formed inclusions 
smaller than those which could be readily observed 
with light microscopy, lysed cells were sedimented by 
centrifugation and the resulting pellet was subjected 
to SDS-PAGE analysis. No Cry2A protein was de- 
tected in the supernatant. Cry2A protein was only 
detected in the pellet of cell debris, indicating that 
Cry2A protein was insoluble in the absence of the 
29-kDa protein, and probably formed small inclu- 
sions, but did not assemble into typical Cry2A crys- 
tals. 




Fig. 3. Ultrastructure of typical sporulated cells of Bacillus thuringiensis obtained by expressing constructs of the cry2A operon with and 
without the cry2A 29-kDa gene and the cry 11 A 20-kDa gene. A: cry2A operon; B: cry2A operon minus 29-kDa\ C: cry2A operon minus 
29-kDa plus the 20-kDa gene; D: cry2A operon plus the 20-kDa gene. Bar in C equals 500 nm; all micrographs are the same magnifica- 
tion. 
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Evidence from transmission electron microscopy 
of sporulated cells just prior to lysis corroborated 
the results obtained with the constructs by SDS- 
PAGE analysis and light microscopy. Cells express- 
ing the construct that contained the cry2A operon 
plus the 20-kDa gene (pDBF82) typically produced 
larger Cry2A inclusions than the corresponding con- 
struct (pDBF76) that lacked this gene (Fig. 3). In 
cells which expressed the constructs lacking crylA 
or/2 gene encoding the 29-kDa protein (pDBF42, 
pDBF76), amorphous aggregates were observed, 
but no typical Cry2A inclusions (Fig. 3). A distinct 
lattice was observed in the aggregates formed in cells 
which expressed the pDBF42 construct, indicating 
that Cry2A could crystallize, but not form typical 
Cry2A inclusions in the absence of the 29-kDa pro- 
tein (Fig. 4). No typical Cry2A inclusions were ob- 
served in cells expressing the cry2A operon which 
lacked the orf2 gene (pDBF76) but contained the 
20-kDa gene (Fig. 3), suggesting that the 20-kDa 




Fig. 4. Higher magnification of the aggregates in Bacillus thurin- 
giensis cells formed by the cry2A construct lacking the 29-kDa 
(orfi) gene. Note that the aggregates do not form a typical 
Cry2A inclusion, but that a crystalline lattice is apparent in the 
aggregates. Bar equals 100 nm. 
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protein could not replace the function of the 29- 
kDa protein. 

Though expression of the cry2A operon with or 
without the 20-kDa protein gene resulted in the for- 
mation of cuboidal crystals, we were unable to ob- 
serve a lattice in these. This suggests that the lattice 
formed when the or/2 gene is present in cry2A con- 
structs may be different than that formed in its ab- 
sence. 



4. Discussion 

Our results show that both the cry2A operon 
29-kDa and cryllA operon 20-kDa proteins enhance 
Cry2A yields, but suggest that the mechanisms 
underlying these increases differ between the two 
proteins. While we obtained evidence that the 
29-kDa protein enhanced Cry2A yield (Fig. 3), 
possibly by favoring crystallization of each molecule 
soon after synthesis, our ultrastructural studies 
suggest that its primary role is as a scaffolding pro- 
tein, facilitating the crystallization of Cry2A mole- 
cules to form the cuboidal inclusion characteristic 
of this protein [13,14]. Alternatively, as has been 
shown with CryllA [10] and Cry4A [11], the 
20-kDa protein appeared to act like a chaperonin, 
enhancing the net yield of Cry2A synthesized, but 
not the formation of typical Cry2A inclusions (Fig. 
3). 

In principle, the information needed to specify the 
tertiary structure of a protein is contained in its 
primary amino acid sequence [19]. However, the pri- 
mary sequence is often insufficient to direct the 
transition of a nascent monomeric polypeptide to 
the correct tertiary conformation. This typically re- 
quires the functional cooperation of a series of mo- 
lecular chaperones to obtain proper protein folding 
[20]. In B. thuringiensis, it is thought that the con- 
served C-terminal half of the typical 135-kDa Cry 
proteins such as CrylA, Cry4A and Cry4B serves 
to stabilize the crystals that these molecules form 
[3,21,22]. This is supported by the observation that 
intermolecular disulfide bridges form between cys- 
teine residues of the C-terminus [5]. Smaller proteins 
like CryllA and Cry2A, however, lack the corre- 
sponding C-terminus [1] and associated disulfide 
bridges, and therefore appear to require additional 
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Fig. 5. Theoretical template that could serve as a nucleation site 
for Cry2A molecules. The template is formed by the tandem re- 
peats of a 15-amino acid sequence in the crylA or/2 29-kDa pro- 
tein, and is based on computer simulations [24] and on similar- 
ities to ice nucleation proteins (25]. 



proteins to optimize stabilization and crystallization. 
Thus, the apparent role of the cry! J A 20-kDa and 
cry2A 29-kDa proteins, respectively, is to enhance 
the production and crystallization of the Cry pro- 
teins, especially of those with which they occur nat- 
urally. 

With respect to the 20-kDa protein, our finding 
that a higher yield of Cry2A yield was obtained 
when the gene for this protein was included in the 
construct, with or without cry2A 29-kDa gene (Figs. 
2 and 3) was likely due to the stabilization of the 
newly synthesized Cry2A molecules. This 20-kDa 
protein could have achieved this by protecting the 
Cry2A molecules from proteolysis and by assisting 
the efficient protein folding. In support of this hy- 
pothesis, it has been shown that the requirement for 
20-kDa protein in CytlA synthesis can be bypassed 
to some extent in E. coli strains that produce heat 
shock chaperone proteins that retard proteolysis 
[22,23]. Nevertheless, enhancement of Cry2A synthe- 
sis by the 20-kDa protein did not lead to typical 
Cry2A inclusions, suggesting that 20-kDa protein 
could not provide the scaffolding function of the 
29-kDa protein. 

In the case of the 29-kDa protein, crystalline pro- 
tein aggregates, but not typical Cry2A inclusions 
were obtained in all constructs which lacked the 
29-kDa gene (Fig. 3). The transition of Cry proteins 
into an ordered state by crystallization is thought to 
stabilize the proteins by protecting them from pro- 
teolysis [3]. Thus, increased production of Cry2A 
might be enhanced by its more rapid and orderly 
crystallization in the presence of the 29-kDa protein. 
A more definitive role for this protein remains to be 



determined, but its secondary structure suggests it is 
a scaffolding protein that could function in two 
ways: to ensure proper folding of newly synthesized 
molecules, and to prevent their aberrant aggregation, 
favoring crystallization to form typical Cry2A inclu- 
sions. These roles receive some support from an 
analysis of Cry2A structure. For example, the de- 
duced amino acid sequence of the 29-kDa protein 
shows a sequence of 1 5 amino acids repeated almost 
perfectly in tandem eleven times [6]. Secondary struc- 
ture predictions [24] for this protein reveal these re- 
peats could form a set of ordered P-sheets (Fig. 5) 
which, either separately or when 29-kDa molecules 
are grouped together, could form a scaffold facilitat- 
ing proper folding and crystallization of Cry2A mol- 
ecules. Such a scaffold would not be necessary for 
crystallization, but could be required for the forma- 
tion of characteristic Cry2A crystals. Precedent for 
this is found in the ice-nucleating protein of Pseudo- 
monas fluorescens [25]. This protein, which also con- 
tains tandem amino acid repeats, occurs in the outer 
bacterial membrane and provides nucleating sites for 
water leading to the formation of ice at temperatures 
above 0°C [25]. 

Finally, although 20-kDa and 29-kDa proteins 
were each found to increase the synthesis of 
Cry2A, the maximum yield was obtained when 
both of their encoding genes were included in the 
same construct. These results indicate the two helper 
proteins identified to date can function cooperatively 
to assure the efficient production of Cry2A in B. 
thuringiensis, apparently by affecting the different as- 
pects of the protein production process. If so, there 
might exist sequential interaction of the 20-kDa pro- 
tein and the 29-kDa protein with target Cry2A pro- 
tein, which could be not only of basic interest but of 
practical application for producing higher yields of 
Cry2A. 
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